The aim of this research was to evaluate the relationship between p53 protein levels and absorbed doses from in vitro irradiated human lymphocytes. For this, samples of blood from 23 donors were irradiated with 0.5; 1; 2; and 4 Gy from a Cobalt-60 source, and the percentages of lymphocytes expressing p53 were scored using Flow Cytometry. The subjects were divided into 3 groups, in accordance with the p53 levels expressed per radiation dose: low (Group I), high (Group II), and excessive levels (Group III). For all groups, the analyses showed that the p53 expression levels increase with the absorbed dose. Particularly for groups I and II, the correlation between this protein expression and the dose follows the linear-quadratic model, such as for radioinduced chromosomal aberrations. In conclusion, our findings indicate possible applications of this approach in evaluating individual radiosensitivity prior to radiotherapeutical procedures as well as in medical surveillance of occupationally exposed workers. Furthermore, due to the rapidity of flow-cytometric analyses, the methodology here employed would play an important role in emergency responses to a large-scale radiation incident where many people may have been exposed.
INTRODUCTION
Ionizing radiation (IR) is a physical agent used in many fields, such as in medicine for diagnosis and treatment of diseases, and for industrial purposes. Due to the adverse health effects of this agent, the evaluation of the risks associated to individual exposure to IR is a very important issue. This assessment can be done by measuring biomarkers, which are modifications of biological parameters induced by the interaction of this type of radiation with the living tissue , LemosPinto et al. 2010 .
The risk assessment through biomarkers may be a critical step in radiation surveillance for indicating whether individuals have been considerably exposed to IR, and, sometimes, to determine what level of absorbed dose they have been exposed to. The frequency of dicentric chromosomes in peripheral blood lymphocytes is the most widely used biomarker for estimating the individual absorbed dose. Despite being the "gold standard" in biodosimetry, the dicentric scoring-based methodology is too laborious and time consuming, which would be of great concern in cases of radiation emergencies, where quick responses are crucial for an early and better management of cases associated to acute radiation syndrome . Furthermore, it is well known that not all people respond equally to the same level of exposure to IR, some of them presenting overreactions (Orient 2014) .
The search for innovative biological methods of screening an irradiated population is nowadays motivated by the advent of new technologies that enable better studies of gene and protein expressions (Guipaud and Benderitte 2009) . This is especially important in, for example, a mass casualty event such as the recent nuclear incident of Fukushima in Japan (Lee et al. 2012 , Chen et al. 2014 .
The two main radiation-induced DNA damages, single strand breaks (SSB) or double strand breaks (DSB), can be misrepaired so as to generate abnormal dicentric chromosomes (Sweigert et al. 1989 , Olive 1998 , Pojoga et al. 2013 . When the DNA is injured, the protein p53, so-called the "Guardian of the Genome", is expressed. This protein acts by coordinating the response to DNA injuries in a transcription-dependent and independent manner (Riley et al. 2008 , RashiElkeles et al. 2014 . One of the multiple roles played by p53 after radiation is to act as a transcription factor by binding to specific DNA sequences and consequently inducing activation or even repression of pivotal genes enrolled in cell-cycle arrest, DNA repair and apoptosis (Speidel 2010) .
From in vitro irradiated human lymphocytes, it was demonstrated elsewhere that the p53 protein expression increases with the radiation levels (Cavalcanti et al. , 2011 . Hence, it is evident that there is proportionality between absorbed dose and biomarkers of radiation exposures, such as the formation of dicentric chromosomes, the p53 protein expression, and the γH2AX phosphorylation, all of these as a result of DNA double strand breaks (Redon et al. 2009, Rothkamm and Horn 2009) .
In order to investigate the potential of p53 as a candidate for biomarker of individual exposure to IR, the aim of this research was to measure the relationship between p53 protein levels and absorbed doses in human lymphocytes from in vitro irradiated peripheral blood.
MATERIALS AND METHODS

STUDIED POPULATION AND ETHICAL ASPECTS
This research was performed with 23 healthy volunteers, being 10 females (aged 19 to 42 years) and 13 males (aged 22 to 36 years). All individuals involved in this research signed a written informed consent before blood collection, following recommendations of the ethics committee of the Fundação de Hematologia e Hemoterapia de Pernambuco (HEMOPE/Brazil) (Number 046/06).
IRRADIATION AND PROCESSING OF SAMPLES
For each donor, 50-mL samples of peripheral blood were divided into five equal aliquots. From each sample, one aliquot was kept as control (non-irradiated), and the other four aliquots were separately exposed to gamma radiation using a Cobalt-60 source (Theratron 780 -Atomic Energy of Canada Ltd), dose rate 196.67 cGy/min, to deliver the following absorbed doses of 0.5; 1; 2; and 4 Gy. This interval of absorbed doses involves the spectrum of in vitro dose of calibration curves for estimating biological damage in cases of radiological incidents, as well as covers the dose levels with relevance to radiotherapy. p53 PROTEIN EXPRESSION versus RADIATION DOSE ISOLATION OF PERIPHERAL BLOOD MONONUCLEAR CELLS After irradiation, blood was diluted (1:1) with phosphate-buffered saline (PBS, pH 7.2) and deposited onto the Ficoll-Paque PLUS density (1.077 g/mL) gradient (GE Healthcare, USA). After centrifugation, peripheral blood mononuclear cells (PBMC) were individually removed, washed twice with PBS and resuspended in RPMI-1640 medium (Cultilab, Brazil) supplemented with 10% fetal bovine serum (Cultilab, Brazil) at density of 2 × 10 6 cells/mL. The cell viability was evaluated using trypan blue dye 0.4% (Sigma-Aldrich, USA), in accordance to the methodology described elsewhere (Cavalcanti et al. 2011 ). Only samples with more than 80% of viable cells were cultured.
LYMPHOCYTE CULTURE
The methodology for cell cultures was adapted from De Freitas e Silva et al. (2014) . In short: cells were plated in 96-well bottom plates (TPP, Switzerland) at density of 2 x 10 5 cells/well and cultured at a final concentration of phytohemagglutinin (PHA) of 10 µg/mL. Plates were incubated in a humidified atmosphere of 5% CO 2 at 37 °C for 72 h.
CELL LABELING WITH ANTIBODIES
All methods employed in this work for cell labeling were previously tested and established (Cavalcanti et al. , 2011 . After cell culture, cells were harvested and washed with RPMI-1640 medium supplemented with 10% fetal bovine serum. For permeabilization, cells were resuspended in solution containing 1 mL of FACS lysing solution (BD Pharmigen, USA) diluted in water (1/10) and 9 mL of 4% paraformaldehyde in PBS, and incubated for 10 min at room temperature. After this, cells were washed with PBS 0.05% Tween 20 (Merck, Germany) at 400 x g for 5 min. Cell pellet was resuspended in 200 μL of PBS 0.05% Tween 20 and stained with phycoerithrin (PE)-conjugated anti-p53 antibody (clone G59-12) (BD Pharmigen, USA) for 20 min at room temperature. For evaluating whether the data followed a Normal distribution, the Shapiro-Wilk test was used. To compare biological response differences among absorbed doses, ANOVA and Post-hoc Tukey were applied. Lastly, the t-student test was employed to determine the interval of confidence of the percentage of p53 protein expression (p<0.05).
RESULTS
Based on the level of p53 expressed in blood samples after in vitro irradiation, the subjects were grouped as following: Group I, formed by subjects (n = 8) presenting the lowest levels of p53 protein expression per dose; Group II, formed by subjects (n = 13) with higher expression of p53; Data collected from groups I and II fitted into a Normal Distribution (p<0.05). Group III was by subjects (n = 2) with elevated levels of p53 expressions per dose, and were considered as outliers. In the classification of these groups, age or sex of the subjects was not considered. From Table I , it can be noticed that the p53 expression levels of Group I, responded less intensely (from 0.08% to 6.11%) to the absorbed doses. When compared to the p53 expression levels shown by the Group II (1.07% to 16.30%), the "lower responders" given by the first group, may be an indicator that those former subjects are more resistant in terms of radiation-induced cell death. Figure 1 presents the means of p53 expression levels in lymphocytes after in vitro irradiation with absorbed doses of 0.5; 1; 2; and 4 Gy, including the background (non-irradiated sample), from 72-hour cell cultures in the presence of phytohaemaglutinin (PHA) in the beginning of cell culture in order to induce mitosis. radiation. Those donors, coded as S1 and S2, form Group III and their cells expressed much higher p53 protein expression levels than the ones of the other studied individuals, with a different tendency as the dose increased. For these two subjects, statistically significant differences among control and absorbed doses of 0.5; 1; 2; and 4 Gy (p<0.05), was observed.
DISCUSSION
The discovery of new, quicker biomarkers of individual exposure to ionizing radiation would be of great significance for a faster identification of highly exposed people, complementary to other conventional investigated biological parameters . Among the conventional biomarkers of radiation exposure, clinical signs and symptoms of acute radiation syndrome, such as nausea, vomiting and diarrhea common during prodromal phase, followed or not by the Hematological, Gastrointestinal and Central Nervous System Syndromes, could predict a range p53 PROTEIN EXPRESSION versus RADIATION DOSE of absorbed dose to which the person has been exposed to (Heslet et al 2012) . However, it should be kept in mind that the range is generally too wide for estimating the real absorbed dose, serving only for screening the more highly-exposed subjects who require urgent medical intervention. In addition, some laboratorial tests can be performed, such as the leucogram and the counting of platelets. The depletion of these cells from the peripheral blood is commonly related to the severe, moderate and tolerant level of irradiation. For a faster screening, micronuclei assay have been proposed, but this is also not specific to radiation and can be caused by chemical agents (Voisin 1997 , Voisin et al. 2001 , 2002 , Luzhna et al. 2013 . It is worth emphasizing that the identification of persons exposed to absorbed doses higher than 1 Gy would help the medical team in therapeutical planning in order to avoid the symptoms of acute radiation syndrome (Mettler 2012). For doses less than 1 Gy, the health staff would be able to advise the irradiated persons about the risks of stochastic and long term effects.
The gamma-H2AX expression has also been proposed as a biomarker of individual exposure to ionizing radiation. However, this histone subunit undergoes very quick modifications as an immediate radiation response. Then, the lapse of time after an individual exposure is a limiting factor for applying this method in cases of radiation emergencies, unless the blood samples could be sent to analysis within the first hours after irradiation (Sak and Stuschke 2010, Moroni et al. 2013) .
The importance of the p53 protein, as a guardian of genome integrity is due to its role in regulating biological processes such as DNA repair, cell cycle arrest and apoptosis (Vousden and Lane 2007, Liu et al. 2014) . Those cellular mechanisms are directly related to the cell response to the in vitro or in vivo physico-chemical stresses. Thus, knowledge about how the expression levels of this protein correlate with the absorbed dose would successfully introduce a new biomarker of individual exposure to ionizing radiation (Cavalcanti et al. 2008, Fei and El-Deiry 2003) .
Blood-based assays with stimulated cells, mainly lymphocytes, have been used in the most advanced investigations concerning protein expressions under radioactive stress. As human lymphocytes are well distributed in the human body, staying typically in resting phase (G0), they can reenter the cell cycle if appropriately stimulated to mitosis, maintaining therefore the memory of damage until the cell culture Dolphin 1977, De Freitas e Silva et al. 2014) .
In this context, the measure of p53 protein expression by Flow Cytometry would be a rapid screening method in order to spot those who were actually exposed to ionizing radiation. Once the exposed person has been identified, a more reliable method for estimating the absorbed dose would be the gold-standard dicentric assay (IAEA 2011).
Regarding Figure 1 , Group I presents the mean of p53 protein expression levels for 8 subjects. For this group, it is possible to verify a statistically significant difference between the control (0 Gy) and the absorbed dose of 4 Gy.
Group II presents the results for expression of p53 protein of another 13 subjects. For this group, statistically significant differences of p53 protein expression levels were observed among control (0 Gy), 2 and 4 Gy.
The dose-response shown in Figure 1 , concerning groups I and II, followed the so-called "linear-quadratic" model, with a similar behavior as that of radioinduced dicentric chromosomes. The shape of this model curve is a result of DSBs of the DNA molecule. This can be explained taking into account that, for lower doses, each DSB is considered to be caused by a single track (interaction) of ionizing radiation, giving the linear shape of the dose response. As dose increases, much more ionizing tracks cross the cell so that the likelihood of DNA damage is much greater presenting a quadratic response (Lemos-Pinto et al. 2010 , IAEA 2011 . In the present study, the same pattern of dose response was observed for p53 protein expression, reinforcing the idea that there is a close relationship between increase of radioinduced DNA damage and the increase of the this protein expression levels.
Comparing each p53 protein expression level of Group I with the respective result of Group II, for each condition (control, 0.5 to 4 Gy), significant differences (p<0.05) were observed.
The results pertaining to the subjects S1 and S2 are summarized in Table II , and show considerably higher p53 protein expressions than any other individual belonging to the previous groups. Thus, for S1 and S2 subjects, one can expect overreactions in terms of cell death and mitotic delay, in comparison to the others.
In radiotherapy, the capacity of predicting the individual radiosensitivity would significantly improve the treatment of cancer (Barnett et al. 2009 , Prasanna et al. 2014 . Although cellular radiosensitivity is directly correlated with the mechanisms of DNA repair, this parameter in normal tissues is not investigated prior to treatment. Generally, depending on the treatment approach, the dose delivered to the tumor is 2 Gy a day fractions, with a smaller dose to the surrounding tissue. This is responsible for the side effects associated with damages to normal tissues (Hall and Giaccia 2006) .
Our preliminary results suggest that the definition of a "normality interval" for p53 protein expression levels may provide a patient-specific protocol. This would be very important so that radiation sensitive patients could be identified before they undergo therapy. Obviously, further studies with a greater number of subjects are needed to support this hypothesis.
On the other hand, in terms of radioprotection management, the identification of individual less sensitive to radiation would be of great interest for those who need to be occupationally exposed, such as professionals in Nuclear Power Plants, Hospitals, Industries, Research, Aircraft Pilots or Astronauts, in the goal of avoiding or mitigating the risks associated to the exposure to ionizing radiation (Byrne et al. 2014 ).
CONCLUSIONS
The response of p53 protein expression induced by ionizing radiation presents a dose-dependent pattern correspondent to the amount of DNA breaks induced per unit dose. This could be reinforced by the evidence that for some samples the dose-effect follows the linear-quadratic model. Nevertheless, one mind considerer the radiation sensitivity, because for some subjects the dose response follows no patterns, due to the high p53 levels even for lower doses. Thus, even though further studies are needed, the use of the methodology presented in this research would be helpful in the assessment of individual sensitivity to ionizing radiation. Considering the rapidity of flow-cytometric analyses, this work also opens the possibility of applying this methodology in a fast screening of a large number of people suspected of having received an overdose of radiation in the case of accidents or radiotherapy, but also for occupational personnel working on nuclear plants or jet pilots, who are systematically exposed to chronic low radiation doses.
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